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A SLAT, A DOUBLE SLOTTED FLAP, AND BOUNDARY-
LAYER CONTROL BY SUCTION

By John H. Quinn, Jr.
SUMMARY

An investigation has been conducted of the NACA Gll-lAZ.Q

alrfoil section equipped with a leading-edge slat, a double

slotted flap, and a boundary-layer-control suction slot at

0.40 chord to determine the meximum lift coefficients attainable

with these hligh-lift devices alone and in conjunction with one ‘F'"
another. The tests weore made over a range of Reynolds number

from 1.0 x 108 o 6.0 x 108 and included surveys to fine/ 'the
optimum configurations for the slat and flap. The effects of
boundary-layer suction on the maximum lift coefficlent were
determined for a range of flow coefficient Cqp ZLrom O to 0.03,
where the flow coefficient i1s defined as the ratio of the quantity
rate of alr flow through the suction slot to the product of the
wing area and free-strea,m velocity. .

In general, the meximum section 1lift coefficient 2,

increased and the minimum section drag coefficient decrea.sed. with
Increaping flow coefficlents. These changes were acécdmpanied

by small increases in the angle of atitéck for maximum lift and
by small decreases in the angle of attack for zero 1ift. The
resulte of the tests are summarized in the following teble for s

Reynolds nunber of 3.0 X 106:

p )
Configuration ‘max Acy
Cq = 0-|Cq = 0.03 mAx
Plain airfoil 1.9 1777 0.28
Airfoil and slat 1.86 2.46 .60
Airfoll and flap 2.82 3.12 30
Airfoll, slat, and flap | 3.30 3.86 56
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For all conmbinations of high-11f't devices tested, the decrease .
in maximm 14if% coefficiant roduced by leadling-edge rousbneae at
a Reynolds number of and a flow coefficient of 0.025
was less thext that oaused. 'by roughness on the corresponding
configuretion without boundary-layer control.

INTRODUCTION -

Previous investigations (references 1 and 2) have been conducted
using boundary-layer control by suction on relatively thick
NACA 6-sories airfoll sections in an effort to bring sbout increases
in the meximm lift coefficient. Substantial increments in maximum
1ift appeared obtainsble by the uwse of bowmdary-layer suction,
although the ultimate veluve of the maximum lift cocefficlent sppeared
to be limited by separe.tion from the airfoil leading edge. Increasing
the cembsr from zero to an amount that gave a design 1ift coefficient
of 0.4 increased the maximum 1ift coefficlent but did not change
‘the nature of the stall. It scemed reasonable that if further
increages in the maximm 1ift were to be cobtained with bowndary-
layer control on these 6-series airfoil sections, some means of )
preventing leading-edgp separstion mst be incorporated. The
leading-odge slat has become recognized as one of the most effective
devices for deleying leading-edge separation.

Tosts have been conducted, therefore, of the NACA 6444212
alrfoll section with a lead.:l_ng-ed.ge slat, a double slotted. flap,
and a single boundery-layer suction slot at 0.40 chord to determine
the increase in maximum 1ift coefficient attaineble with this
combination of high~-l1ift devices. The optimum slabt and flap
configurations were determined, and the characteriestics of the
alrfoll weore measured for the high-lift dsvices operating individuwslly
and 1n conjunciion with one e.gother over a Reynolds number range
from 1.5 X 10° to 6.0 x 10° in the Langley two-dimensional
low=-turbulence tumnel and the Langley two-dimensicnal low-turbulence
pressure tunnel. The suction slot was placed at 0.40 chord inasmuch
es this location was bellsved to be nesr the optimum locatlion
in conjunction with the slat, because the slat could be relled
upon +to delay separation neer the leading edge. A suction-slot
location closer to the lsading edge might have a more favorable
effect on the maximum lift of the alrfoil without the séat therefore,
a few tests were made at & Reynolds nuwsber of 1.0 X 10V in order
to find the effect of suctlon-slot location on the cheracteristics o
of +the plain sirfoil.
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SYMBOLS

Cqy section 1ift coefficient

Cs gection drag coefficient

b airfoll span, feet

c airfoil chord, feet

Vo free-gtream velocity, feet por second

quantity of air removed through suctlon slot, cublc feet
per second ’

CQ flow coefficient S
Voch

H, free-stream total pressurs, pounds per square foot
Hy, total pressure inside wing duct, pounds per square foot

dq free-stream dynamic pressure, pounds per square foot
' - K
Cp pressure coefflcient (Ho b)
Q5

x horizontal distance parallel ‘o chord line, feet

¥ vertical distance perpendiculsr %o chord line, feet
angular dsflesction with respect to chord line , Gegrees

o section angle of attack, degrees

. Vo
R Reynolds number v

2% kinematic coefficient of wviscosity
Svbscripts: . '

8 slat

v vense
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MODELS

The 2~foob-chord models used 1n the present investigation
wore built to the ordinates of the NACA 6l3A212 airfoil section as
pregented in table 1. The A in the girfoil deaignation indicates
that the cusp associated with the regular 6-series airfoil has been
removed. Models built of laminasted mehogany wers used for the
proliminary tests at the low Reynolds number and a cast-aluminum
model was used to extend the tests to the higher Reynolds numbers.
After the tests of the plain airfoll at low Reynolds numbers were
finished, the leading and trailing edges of the wooden model with
the 0.40c suction slot were modified to accommodate the leading-
edge slat and the double slotted flap. The cast-aluminum model,
that also hed the suction slot located at O.4Oc, was fitted with
interchangeable leading edges to permit tests of the airfoil either
with the true leading edge or with the leading-edge slat. Ordinates
for the airfoll leading edge modified to accommodate the slat and
for the slat, vane, and flap are presented in tables 2, 3, k,
and 5, respectively. A photograph of the aluminum model with the
boundery-layer suction slot, leading-edge slat, and doubls slotted -
flap 1s presented as figure 1, and sketches of the model are
prosented as flgure 2.

TESTS

The tests were conducted in the Langley two-dimensional low-
turbulence tunnel-(designated herein as LTT) and in the Lengley
two-dimensional low-turbulence pressure tunnel (designated herein
as TDT). These tunnels have test sections 3 feet wide and
7% feet high and were designed to test models completely spanning

the 3-foot Jot in two-dimensional flow at a turbulence lsvel )
approximately the same as that of free air. The LIT operates at
atmospheric pressure. In the TDT the air may be compressed to &
maximum value of 150 pounds per square inch absolute; therefore
tests may be conducted at high Reynolds numbers and low Mach numbers.
In both these tunnels 1lifts are obtalned by integrating the pressurs
reactions along the floor and ceiling of the tunmnel test section,
and drags are obteined by the wake-survey method. The tunnels and
methods of measurement are completely described in reference 3.

The air removed from the boundery leyer was led through the
suction slot into & duct inside the wing. The quantity of air .~
removed was determined by means of a Venturi tube located in the
pive line between the airfoil and the blower used to force air flow
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through the system. The total pressure inside the wing duct was
cbtalined by & flush pressure orifice in the wing duct on the end
opposite that at which the air was removed. For the no-flow condition,
referred to as a flow coefficient of zero, the suction slot was

filled end faired over with plastelins.

Tests were made at & Reynolds mmber of 1.0 X 106 in the 19T
to.find the effect of suction-slot location on the characteristics
of the plain airfoil. The wooden model with the suction slot at
0.40c was then modified to permit suwrveys to find the optimum
locationg of the sleat, ga.ne and flap &t Reynolds nwibers of
1.0 x 106 or 1. 5% lO In making the slat surveys no intermediats
supports were provided between the wing and slat, and fittings on
the ends of the slat for changing the slat posi'bion and deflection
were rocessed in the tunnel end plates so that no disturbances in
the flow were created near the airfoil leading edge.

Once the optimum configurations of the flap and slat were
determined, the tests were extended to Reynolds numbers of

3.0 X 106 ‘and 6.0 x 106 in the TDT with the aluminum model.

For these tests the slat was attached to the airfoil by four
struts, one at each end of the model and one 8 inches from each
slde of the model center line. Two amall struts were also provided.
to brace the vane to the flap.

-Some tests were conducted wlth 0.0ll-inch carborundum grains
applied to the airfoll leading edge to find the effects of leaa.ing-
edge roughness on the aerodynamic charecteristics of the airfoil.
The grains were applied with shellac over en areas of the airfoil
surface having a surface length of 0.08c from the leading edge on
both surfaces so that 5 to 10 psrcent of this area was covered.

For roughness applied in the slat-extended conditions the entire
slat surface was roughened in addition to ths :r'oug‘rmess on the
alrfoil leading edme. ) . }

_ RESULTS AND DISCUSSION
Effect of Suction-Slot Loocation on
Characteristics of Plain Airfoil

~

The effect of suction-slot locetion on the variation of the
meximum 1lift coefficient and the minimum drag coefficient with
the flow coefficient ere presented in figure 3 for the plain airfoil
section at a Reynolds nwber of 1.0 X 100. It was found that
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both the maximum lift coefficient and the minimum drag coefficlent
Increased as the suction slot was moved toward the leading edge. e
At a flow coefficient of 0.035, the model with the suction slot

et 0.20c gave & maximum 1ift cosfficient of 1.72, or approximately
0.16 greater than that for the slot at 0.40c. Inasmuch as tuft
gtudies indicated that the air flow first separated at approximately
0.1c, it seems loglcal that the suction slot at 0.20c would

produce a greater effect on the maximum 1lift than the suction slot
at 0.40c¢ would because the slot at 0.20c would be closer to the point
where separation first occurred. In addition, for a given flow

rate, a larger part of the boundery layer ls removed when the

suction slot is closer to the leeding edge wheore the boundary layer
is thin. Thies fact would also tend to bring about larger increases
in the maximum 1ift as the suction slot was moved forward. The
increase in minimum drag coefficient with forward movement of the
suction slot is atitridbuted to the increasing distance behind the

slot over which the boundary layer can develop.

Plain Airfoil Characteristics

Lift end drag characteristics of the NACA 64,A212 airfoil
goction with the boundary-layer suction slot at 0.40c operating
and with the slot sealed and fgired are presented in figure 4 at
& Reynolds nmunber of 1.0 X 10° for the model in both the smooth
and, rough conditions. The maximum lift coefficlents increased
stoadlly as the flow coefficient increased. This Increase was
accompanied by smell increases in the angle of attack for maximum
1ift and sm=ll) decreases in the angle of zero 1lift. The dsorsasp in
angle of zero lift is atbtributed to thinnsr boundary layers over
the rear part of the airfoll which produce an effect similar to
that of increased airfoil camber. Increasing the flow coefficient
from O to 0.03 increased the maximm 1ift coefficient from 1.09
to 1.50 for the smooth airfoil and from 1.07 to l.44 for the rough
airfoil. The maximum 1lift coefficlent was found from tuft observations
to be limited by stalling at the leading edge. For the smooth
condition at a flow coefficient of 0.02 and at an angle of attack
of lO°, a small region of meparated flow was observed at approximately
0.1lc elthough from the suction slot to the trelling edge the flow
adhered to the surfacse. At an angle of attack of llo, intermittent
separation occurred between the leading edge and the suction slot
with unsteady flow from the slot to the trailing edge. At 129,
the angle of attack for maximum lift, the flow was completely
separated betwsen the leading edge and epproximately 0.1lc, with
unsteady flow to the trailing edge. Observations of the wing with
leading-edge roughness showed that the stall progression was
simller to that for -the wing in the smooth condition.
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The effect of boundery-layer control on the drag characteristics
was to decrease the minimum profile-dreg coefficient as the flow
coefficlent increased and to maintain low dreg coefficients to rather
large 1lift coefficients. '

The lift and drag cheracteristics for the airfoll with boundary-
layer control at Reynolds numbers of both 3.0 X 106 and 6.0 X 109
are presented in figures 5 and 6, respectively. The effects of
boundary-layer control are similar to those described for & Reynolds
number of 1.0 X 100. The presgure coefficient Cp is presented
as a funcition of section angle of attack. The drag coefficient
equivalent to the power required to discherge the air removed from
the boundary layer at free-stream total pressure may be obtained
as the product of +the pressure coefficient snd ths flow coeificlent
at any 1ift coefficlent. This drag coefficient added to the
corresponding profile-drag coefficient is the total drag of the
airfoil with boundary-layer control.. The horsepower required for
boundary-layer control may be calculated for any glven condition
from the expression

. Q(Eo; - Hp)
Horsepowery = ~—e———ce—umea =

350

The values for Q@ and (Hy ~ H,) may be obtained by multiplying
Cq and Cp by the applicable valuss of wing erea, airplane
velocity, and dynamic pressure. ' T
The effects of Reynolds mmiber and lsading-edge roughness on
the veariation of maxisum 1liftv coefficient and minimum drag coefficient
with flow coefficient for the plain airfoil are presented in figure 7.
For the smecoth condition, large increases in meximum 1ift throughout
the range of flow coefficient werse ohtained by increasing the Reynolds
numbsr from 1.0 X 106 to 3.0 X 105. This favoreble scale effect
ray be due to improved flow conditions sbout the airfoll leasding
edge at the higher Reynolds number. Almost no further increase in
meximum 11ift was obtalned by increasing the Reynolds mmber from
3.0 X 10 to 6.0 X 106, The greatest maximum 1ift coefficient
measured was 1.77 at a flow cosefficlent of 0.03 and a Reynolds

number of 3.0 X 106. This 1ift coefficient was 0.28 groater than

that of the airfoil with no boundary-layer control at the same
Reynolds number. Ieading-edge roughness had almost no effect on

the maximum 1ift coefficient of the airfoil at a Reynolds number

of 1.0 X 105, but at a Reynolds number of 6.0 X 100 1t decreased
‘the maximum 1ift coefficlent from 1.50 to 1.13 at a flow coefficient
of 0 and from 1.75 to 1.4t at a flow coefficlent of 0.025. For the
rough conditlion 1little scale effect gas found hetween Reynolds
numbers of 1.0 x 106 and 6.0 x 109. . T
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An appreciable decrease in the minimum drag coefficlent was -
obtained by increasing the Reynoléds number from 1.0 X 106 to
3.0 X 106, and little further decrease was obtained betwesn
3.0 x 106 and 6.0 x 105. Teading-edge roughness produced lergs
Increases in the minimum drag coefficient without boundary-layer
control at Reynolds numbers of both. 1.0 X 106 and 6.0 x 106.
At a flow coefficient of 0.03 and a Reynolds number of 1.0 X 109,
the drag coefficients were approximately equal for the smooth and
the rough conditions. At a Reynolds number of 6.0 X 105, the
minimum drag coefficient was greater for the rough condition than
for the smooth condition for all flow coefficlents investigated.

Effect of Irregularitiss Caused by Slat Installation

A slat having a rounded leading edge would produce somewhat
greater maximum 1ift increments than one with the sharp edge necessary
to make the slat failr smoothly into the airfoil contowr. (See
reference 4.} A round leading-edge slat was accordingly selected
for present tests and the effect on the 1ift and drag characteristics i
of the discontinuity at the lower surface of the alrfoil with the
slat retracted was evaluated at a Reynolde number of 1.5 X 109.
The results are presented fh figure 8. The sole effect of the .
discontinulity on the 1lift characteristics comprised a reduction in
maximum 1ift coefficient from 1.21 to 1.16. Somewhat lerger effects
were found on the vaeriation of drag coefficient with 1ift coefficient.
The discontinuity generelly produced rather large drag increments at
low 1ift coefficients by increasing the dreg coefficient from 0.00860
to 0.0105 at a 1ift coefficient of 0.2. As the lift coefficient
increased, however, the effect of the discontinuilty became smaller
and at a 1ift coefficient of 0.6 it increased the drag coefficient
by only 0.0015. In practice, therefore, soms provision should be
made to falr over the discontinuity.

Characteristice of Airfoil with Slat Extendsd

The results of the surveys +to find the optimum position of the
leading-edge slat with respect to the airfoil leading e are
presented in figure 9 for & Reynolds number of 1.0 X 100 and a
flow coefficlent of epproximately 0.03. Little difference in the
meximum Lift coefficlent attainable with the slat and boundary-
layer contrcl was found within the range of slat defléction
between 18.2° and 28.3°. A slat deflection of 22.0° gave a valus
of the maximum 1ift coefficient of approximately 2.78 as compared
" with valuss of 2.70 and 2.7k for the 18.20 and 28.3° deflections

respoctively. The maximum-1lift contours presented in figure 9(b$
show that maximum 1i1ft coefficient increased rather slowly as the
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slat was moved forwsrd of the airfolil leading edge until & maximum
velue was reached, at which point the 1lift dropped rapidly for
further forward movemsnt of the slat. As the slat angls was increased
the optimum location of the slat with respect to the airfoil changed
in such a way that the trailing edge of the slat moved down toward

the ailrfoil chord.

Observations of the stall progression by means of tufts indicated
that the stalling characteristics of the alrfoil varied conslderably
with slat deflection. At a deflection of 18.29, the maximum lift
coefficlent was limited by stalling on the slat followed by separation
from the airfoil leading edge. At a slat deflectlon of 22.0°, the
elat and airfoll appeared to stall simultanecusly, although the flow
on the slat at high angles of atback was more unsteady than that on
the wing. At a deflection of 28.3°, the slat was not obmerved to
stall, but separation again occurred at the airfoll leading edge.

Because the slat 2t a deflection of 22.0° and a location of
Xg = 0.0k6c, y4 = 0.037c gave the highest valus of the maximum 1ift
coefficient, the 1ift and drag. characteristics of this configuration
were determined at a Reynolds number of 1.5 X 106 and the results
are pressnted in figure 10. The maximum 1ift coefficlent without
boundary-layer control was only 0.93, or less than that of the plain
airfoil section. At a flow coefficient of 0.01, two entirely
different lift curves could be obtained, depending upon the testing
sequence used in obtaining the data. A hysteresis effect on 1lift
due to changs in the flow coefficient exiasted such that if the flow
coefficient was raised from O to 0.0l in sterting the 1ift curve,
the maximum 1ift coefficient was 1.15 and occurred at an angle of
attack of 13°. If the flow coefficient was first increased to an
approximate valuwo of 0.02 and then reduced to 0.01l before beginning
the curve, a maximum 1ift coefficilent of 2.57 was obtained at an
angle of attack of 26°. No such hysteresis was found at a flow
coefficient of 0.02. The drag characteristics in figure 10(b) show
that beginning at a 1ift coefficient of 0.3, the drag coefficient
increased rapldly with the 1ift coefficient up to a 1ift coefficient
of approximately 1.3, at which point the drag coefficient decreased
very rapldly. Between 1ift coefficients of 0.3 and 1.3 the flow
between the slat and the leading edge was thought to be very poor
becauge of blenketing action of the leading-edge slat. At a Lift
cosfficient of 1.3 the flow probebly became smooth at the leading
edge and, therefore, brought ebout large reductions in drag. The
inconsistency of the 1lift resulis at & flow coefficient of 0.01
and the low maximum 1ift cosfficlent of the airfoll without boundary-
layer control probably result from poor flow through the gap hetween
the slat and the leading edge. Figure 9{b) shows that at a valus
of xg = 0.046c the slat was extremely close to the point where 1ift
decreased rapildly with forwerd movements of the slat. Because of this
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fact, and the uncertein 1ift characteristics at low flow coefficients,
1t was decided to fix the slat closer to .the airfoil leading edge

for further tests. The slat, therefore, was fixed at xg = 0.036c,
¥g = 0.0370 for a deflecticn of 22.0°. Results of tests of the slatb
in this position are presented in figure 11 for Reynolds numbers

of 1.5 x 106, 3.0 x 106, and 6.0 x 100. A compariscn of the .
results presented in figure 11(a) and those for the slat farther
forward in figure 10(a) shows that moving the slat back toward the
airfoil leading edge eliminated the uncertainties in the variation

of the 1ift coefficlent with the engle of attack at low flow
coefficients, increased the maximum 1lift coefficient without boundary-
layer control from 0.93 to 1.6, end caused slight decreases in the
meximum 1ift coefficient with bound.ary-layer control. esults of
tests at Reynolds numbers of 3.0 X 100 and 6.0 x 10° for the

slat in its optimum position are presented in figwres 11(b) and 11(c)
for the model in the smooth condition and in figure 11(d) for the
model with leading-edge roughness at a Reynolds number of 6.0 x 106
The meximum 1ift coefficients of 2.62, 2.46, and 2.26 were obtained
in the smooth condition at flow coefficients of 0.030, 0.030,

and 0.02L at Reynolds numbers of 1.5 X 109, 3.0 x 106, and

6.0 X 3.06 respsctively. These data are summarized. in figure 12 '
in which the effect of Reynolds number on the variation of the
meximum section 1ift coefficient with the flow coefficient is
presented for the eirfoil with the leading-edges slat. Without:
boundary-layer control the maximm 1lift coefficlent was found to
increase as the Reynolds number increased, although at flow coefficients
gbove 0.01 the maximum 1lift coefficient was found to decrease as the
Reynolde number increased. Inasmuch as the optimum posltion of the
leading-edge slat was determined at & Reynolds number of 1.5 X 106 »
it is likely that the adverse effects of Reynolds number are due to
changes in the nature of the flow that would elter the optimum

slat position. For this reason, it would seem desirable to obtalin
optimm slat positions at Reynolds numbers as close as possible to
those contemplated under flight conditions, although limlitation of
the test equipment prevented slat surveys at higher Reynolds numberg
.for the present series of tests. At & Reynolds number of 6.0 X 10
and at a flow coefficient of O, roughness reduced the maximum 1ift °
coefficient from 1.94% to 1.42. At & flow coefficient of 0.025, .
however, boundary-layer control had offset the adverse effects of
roughness and a maximum 1ift coefficlent of 2.27 was obtained for

the model both smooth and rough.

Characteristics of Airfoil with Double Slotted Flap
The results of the surveys to determine the optimum double-

slotted-flap configuration are presented im Figure 13 for a Reynolds
number of 1.5 X 106. Thess surveys were made with the leading-edgp
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glat fixed in its optimum position and at a flow cosfficient of 0.02.
It was considered desireble to determine the optimum flap configurations
in conjunction with the leading-edge slat inasmuch &s preliminary
measurements indicetsd that, without the slat, a large reglon of
separated flow near the leading edge caused the maximum 1ift coefficient
to be very insensitive to variations in the flap position. Little
difference in the meximum 1lift coefficilent attainable was found for
the flap deflections.of 49.7° and 55.0°, as shown in figures 13(a)
and, l3(b) respectively. A maximum 1ift coefficient of approximately
3.8 was obt&inecl for a flap deflection of 55.0°. The maximum 1ift
coefficient was found to be relatively insensitive to horizontal
movemsnts of the flap with respect to the vane, but was somewhat
more sensitive to vertical movements. With the flap fixed with ~
respect to the vane at .the best locations found for a deflection

of 55.0°, the vane and flap were moved as & unit to find the optimum
positicL or the flap as a whole with respect to the airfoil section.
The meximum lift contours. for these surveys are shown in figure 13(c) .
It appeared that little further increases in the maximum 1lift could
be obteined by moving the vane from its originsl position and that
the maximum 1ift coefficient was gquite sensitive to movements of the
flep as & whole with respect to the wing. With the flap in the
optimum position, random points were checled to determins whether

the addition of the flap had altered the optimm position of the
slat. The addition of the flap was found to produce little or no
chenge in the optimum slat position. -

The lift characteristice for the airfoil with the double
slotted flap in its optimum position and th slat retracted at
Reynolds numbers of 1.5 X 106, 3.0 x 109, and 6.0 x 10 are
presented in Tigure 1. Figure 1k(a) shorws that 1ittle increase in
the maximum 1ift coefficient was obitained with boundary-layer control
at a Reynolds nuwber of 1.5 X 106, The meaximum 1ift coefficient
for a flow coefficlent of O was 2.48,and a £low coefficient of 0.02
brought about an increase in the meximum 1lift coefficient of only 0.1k,
which resulted in a maximm 1lift coefficient of 2.62. The relatively
low maximum 1ift for a flow ccefficient of O and the poor effectivensas
of boundsry-layer control are attributed to the large bubble of
laminar separation occurring close to the airfoil leading edge. Ab
Reynolds numbers of 3.0 %X 109 and 6.0 X 106, however, as shown
in figures 14(b) and 1h4{c), considerably higher maximum lift coefficients
end greater increases with boundary-layer control were cobtalned. At
& Reynolds number of 3.0 X 105 and e flow coefficient of 0.03, a
maximum 1ift coefficlent of 3.16 was obtained, as compared with a
value of 2.82 with no suction. The improved characteristics of the
alirfoll at the higher Reynolds numbers are atiributed to a decrease
in the sizs of the separeted-flow region near the leading edge.
The effects of this bubble of separation are more fully discussed
in reference 5. Data are presented in figure 14(d) for the model
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with leading-edge roughness. The meximum 1ift coefficlents were ) -
lower than the ocorresponding values for the smooth condition
presented in figure 1li(c), although rather large increases in maximum
1ift coefficient were obtained with increasing emount of boundery-
layer control.

The data presented in figure 14 are summarized in figure 15 in
which the effect of Reynolds number on the verlation of maximum
1ift coefficlent with flow coefficient is shown for the airfoil
with the double slotted flap. Favorable scale effect was cbtained
throughout the ranges of flow coefficient and RBsynolds numbexr
investigated. At a Reynolds number of 6.0 X 100, rdughness reduced
the maximum 1lift coefficient from 2.85 to 2.45 at a flow coefficient
of 0, and from 3.23 to 2.86 at a flow coefficient of 0.025.

‘Characteristics of Airfoil with Leadling-Edge Slat
and Double Slotitéd Flap

Lift cheracteristice at Reynolds mumbers of 1.5 x 106,
3.0 x 106, and 6.0 x 106 are presented in figure 16 for the model
with the lead.ing-ed.ge alat and the double slotted flap with and with- .-
out boundery-layer control. The characteristics of the airfoll with
two high-11ft devices (leading-edge slat and double slotied flap)
in conjunction with boundary-layer ocontrol are similar to those of the
adlrfoil alone or with only one other high~lift device with boundary-
leyor control. The greatest maximum 1ift coefficient obtained, 3.86,
was found at & Reynolds number of 3.0 X 106 at a flow coefficient
of 0.031 (fig. 16(b)).

The maximum lift characteristics for this configuretion are
sumearized in figure 17. The maximum 1ift coefficients increased
&8 the Reynolds number increased without boundery-layer suc'bion.
At flow coefficients above approximately 0.01, however, the
naximum %ift increased between Reynolds nmnbers of 1.5 X %06 and
3.0 x 105 and dscreased between 3.0 X 106 and 6.0 X 10
Compared with the scale effect on the maximum lift characteristice
of the airfoil with either the eslat or flap alone (figs. 12 and 15),
the effects of Reynolds numbser on the characteristics of this
configuration were small. In the previous discusasion of figures 12
end 15 it was observed that lerge favorable and unfavora®dle scale
effects were encountered for the airfoll with boundary-layer control
in conjunction with the double slotted flap and the leading-edge
slat, respectively. When the two high-lift devices were cowbined, these .-
diverse scals exrfec 8 almost canceled each other. At a Reynolds
number of 6.0 X 10 roughness decreased the maximum 11ft coefficient
from 3.38 to 2.84 without boundary-layer control and from 3.72



. ' NACA TN No. 1293 13

- to 3.40 at a flow coefficient of 0.025. As for the double slotted

: flap, a flow coefficient of 0.025 increased the meximum 1ift coefficient
by an amount equal to the decrsase caused by roughness without
boundary-lasyer control.

Comperison of Maximum Lift Coefficilents Obtained
wlith Various High-Lift Devices
The maximum 1ift coeffilcients obteined with and without boundary-

layer control at a Reynolds number of 3.0 X 10° are swmarized for
various combinations of high-1lift devices in the following table:

3 oy
Configuration fax A"'l.
Cq = O] Cg = 0.03] ™%
" Alrfoil 1.kg 1.77 . 0.28
Airfoil and slat 1.8 2.46 .60
i Airfoil and flap 2.8 3.12 .30
- Airfoil, elat, and flap| 3.30 3.8 .56

The addition of the leading-edge slat spproximately doubled the
increase in maximum 1ift coefficient obtainsgble with boundary-layer
control. . )

The effects of leading-edge roughness on maximum 1ift coefficlent
for the alrfoil with the various combinatlions of high-lift devices
with and without boundary-layer control are summarized in the
following teble for & Reynoclds number of 6.0 X 100:

CQ = Q CQ, = 0.025

Configuration . c c |
Lmex BoYmax Lmece Ac?-ma.x

Smooth| Rough Smooth jRough
Airfoll . 1.50 1l.13} -0.37 1.75 1.4 -0.31

Airfoll and slat 1.94 | 1.4 -.52| 2.27 | 2.27y O

- Airfoil and Fflap 2.85 | 2.45] -, 3.23 | 2.8} ~.37
Airfoil, flep, and slat| 3.38 | 2.84 -.sh| 3.72 | 3.40] -.32

™ e N
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The largest decrease in meximum lift coefficlent due to roughness
with boundary-layer control was no greater than the decrease produced
by roughness on the plain airfoil section. For all combinations of
high-1ift devices tested the decrease in the meximum 1ift coefficient
ceused by roughness was less for the airfoil with boundary-layer
control than for the corresponding configuration without boundary-
layer control. For all combinations, & flow coefficient of 0.025
was sufficisnt to produce maximum 1ift coefficlents on the roughened
wing spproximately equal to those obteined without boundary-layer
control on the smooth wing.

SUMMARY OF RESULIS =

The following statements swmarize the results of the investi-
gatlon of the NACA 641A212 airfoll section with a leading-edge .
slat, a double slotted flap, and boundary-layer control by suction’
to determine the meximum 1lift coefficiangs attainable over & Reynolds
number range of 1.0 X 106 to 6.0 x 108:

1. In general, the maximum section lift coeflficient was increased
and the minimm section drag coefficient decreased by epplying -
boundary-layer suction. These changes were accompanied by small
increeses in the angle of sbtbtack for maximum 1ift and by small
decreases in the angle of attack for zero 1ift.

2. At a Reynolds number of 1.0 x 108, the maximum 1ift
coefficient of the plein airfoil wlth boundary-layer control was
limited by leading-edge separation. Increasing the Reynolds number
to 3.0 X 106 produced rather large increases in maximum Lift
coefficlent throughout the range of flow coefficient investigated.

A maximm section lift coefficient of 1.77 was obtalned at a

Reynolds nwmber of 3.0 % 10° and a flow coefficient of 0.03,

which represented an increase in maximum 1ift coefficilent of 0.28 _
over that of the airfoll without boundary-layer control.

‘3. With the leading-edge slat in its optimum position, increaging .
the flow coeffilclent from 0 to 0.030 increased the maximum 1lift
coofficient from 1.85 to 2.46 at a Reynolds number of 3.0 X 106.
Increasing the Reynolds number decreesed the maximum 1ift cocefficient
attainable with the leading-edge slat. For this reason, 1t was
thought thet optimum slet positions for & given ingtallation shouwld -
be found at Reynolds numbers close to those at which the actual
alrplane would operate. '

4, Increasing the flow coefficient from 0 to 0.030 with
the double slotted flap increased the meximum 1ift coefficlent
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from 2.8 %o 3.12 at & Reynolds number of 3.0 X 106. Increasing
Reynolds numbsr produced eppreciable increases in maximm 1ift
coerficient over the range of Reynolds numbsr investigatbed.

5. The leading-edge slat and double slotbted flap combined
produced a maximum 1ift coefficient of 3.86 at a flow coefficient
of 0.03 and a Reynolds number of 3.0 X 106 compared with a value
of 3.30 at a flow coefficient of 0. Little scale effect was
obtained with this combination.

6. For all combinations of high-1ift devices tested, the decrease
in maximum Lift coegficient produced by roughness at a Reynolds
number of 6.0 X 10° and s flow coefficient of 0.025 was less than
that caused by roughness on the corresponding configuration without
boundary-layer control.

Lengley Memorlal Aeronautical Laboratory
Natlional Advisory Conmittee for Aeronautics
Langley Fleld, Va., March 19, 19h7
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TABLE 1
NACA 6lj;A212 AIRFOIL SECTION

(Stations and ordinates in percent airfoil chord)

Upper surface Lower surface
Station | Ordlinate Station | Ordinsate
0 0 0 0
c%ﬁ‘g 10013 . 91 "0901
. 1.2 5 . 52 -1.07
1.135 1.530 1.365| =1.33
2.365 2.225 2.635| =1.803
L 849 3.145 5.151 -2-52
7.gu3 Z.Bus 7.653 -2.87
2. L2 Jiz2 10.15 =3.240
14.849 5.358 15.151 | -3.796
19.862 6.060 20.138| =4.200
21,.880 6.58% 25.120 -u.%sa
29.900 6.93 30.100| =L.660
zl.922 7.189 25.078 =L .7h1
9L6 T.272 0.054 | =h.71lh
.970 Z-177 5.050 | <L.549
49.993 -g35 50.007 -%.27
55.01 6.570 5L.985 | =3.91
60.03 6.132 59.966 | =3. 92
65.050 E.s 6l;.950| =3%.03
70.06L . 903 69.936 | =2.537
5.075 L3197 T4.925 [ =2.037
0.090 5'285 g 910 | =1.563%
85.088 2.601 9121} -1.159
90.062 1.531 89.938 -. 771
95.032 . 8 9 0968 -.398
100.000 .025 99.999 -.025
L.E. radiuss 0.994
Slope of radius through L.E.: 0.095

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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_ TABLIE 2
MODIFIED LEADING EDGE OF NACA 6l;A212 ATRFOIL
SECTION
(8tations and ordinates in percent alrfoil
chord)
Upper surface Lower surface
Station | Ordinate | Btation | Ordinate
20158 -0 0835 20167 -l 0085
2.500 ki 2.500
2,917 .60 2.708 g
3-353 967 2.917 L
.16 L4471 3,223 -2 ool
2.2 1.392
250 2.438
B'ﬁEB .229
10.117 .000
12.500 L.700
1L.000 5.142 NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
TABLE 3%
LEADING-EDGE SLAT FOR NACA 6hlA212 ATIRFQIL
) SECTION )
(Stations and ordinates in percent airfoil
chord)
Upper surface Lower surface
Statlon |Ordinate Station | Ordinate
0 8 -.78
.202 1 oOlZ l gi - 703
1.2 Og -.292
l 152 1.582 ,217
g 2. 228 2 917 .625
| | o
338 ﬁ. ﬁ:l 1 1.542
.000 5.208 5¢20 2.1o4
6 250 2.604
ﬁz z-hl7
7 167
12 500 A.SZg
14.000 5.1
L.E. radiuss 0.99L

0.097
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TABLE L,
VANE FOR NACA 6l74212 AIRFOIL SECTION

(stations and ordinates in percent
airfoil chord)

Upper surface Lower surface
Station | Ordinsate Station | Ordinate
0 1.188 0 1.188
.100 1.58 .100 .813
.200 1.76§ .200 .655
.59 2,19 .596 <317
.992 2.%60 .992 .150
1.23& 2.67 1.8L .029

1.981 2.79 1.2?1 0
2| s | B
5062 2.7k 5062 .296
Z.zéz 2.61 Z.zéz 438

058 2.135 58 596
h.zz% 2.235 h.zz .g

. 2.000 5. 81
E.Zha 1.Zgo 5.2#2 .83
6.,38 1. g 6. 28 .%gz
6.225 1.16 6.225 676
7427 -iﬁé T.427 75
3.923 . 5.923 .200

.250 21 240 0
8.340 13 NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
TABLE 5

FLAP FOR NACA 6474212 ATIRFOIL SECTION

(Stations and ordinates 1n percent
airfoll chord)

Upper surfeace Iower surfsce
Station | Ordinate Station | Ordinate
77.083 -1 T77.292 | =1.042
77.292 .20 77.500 | -1.208
77.708 .833 125 | -1.458
78.125 1.250 79.183 =-1.5
59.183 1.373 g .9 -1.5L6

002 2. 5 .910 -1.129
81.250 z.gso 83.9 -.760
82.292 2.833 9.9 -.393
83.333 2.813 99.999 -.025
85.090 2.631
90.063 1.g62
95.0%2 .892

100.000 .025

18
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(a) Model dimensions.
Flgure 2.- NACA &41A212 airfoll seotion with boundary-layer suction slot, leading-edgs alat, and double alotted f£lap.
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() Notation used to Indioate posltiona of slat, vane,snd flap,
Pigure 2.~ Conoluded.
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boundary-lazer suctlon-slot locations,
R, 1.0 x 10°.
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(b) b4 = 22.0°,

Figure 9.- Continued.
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(a) Positions of flap with respect to wame; 8, 49.7°; x , 0.0090; ¥, 0.0200.

[e]
Flgure 13.- Double-slotted-flap maximum 1ift oonbowrs on NAGA 6l;A212 mirfoil mestion. Xa, 0.036; ¥,, 0.0570; 8, 22.07;
6y, 16.5°; R, 1.5 x 106; Gy, 0.02 (approx.); test, L22 L37.
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NACA TN No. 1293 - Fig. 18b
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(b) Positions of flap with respect to vane. &g, 55.00; Xgs 0.009¢c; Ty s 0.020c.
Figure 13.~- Continued.
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(s) Posltions of double slotted flsp wibth respect to wing; Op, 55.0%; =xp, O.0Lbe; 7Fp, 0.0050.
Figure 13.- Contluwded.
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FPigure 15.- Effect of Reynolds number and leadlng-edge roughness
on variation of maximun sectlon 1ift coefflclent with flow

coefficirnt for NACA 6447A212 airfoil section with double
- slotted flap. Oy, 16.5°; =X, 0.004c; Ty, 0.0lhe;
Br, 55.0°; xp, 0.0hlie; g, 0.005¢c; test, TDT 990.
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Fig. 16c NACA TN No. 1283
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Fig. 17
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Figure 17.- Effect of Reynolds number and leadlng-edge roughness

on varlation of maximum section 1lift coefflclent with flow
coefficient for NACA 6l1A212 airfoil section with leading-

edge slat and double slotted flape &g, 22.0°; xg, 0.036c;
Yy, 0.037c; b, 16.5% =x,, 0.004c; ¥, 0.0lke; &, 55.0%;
Xp s 0.04Le; Yps 0.005¢c; test, TDT 990.



